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Mitochondria and peroxisomes are ubiquitous subcellular organelles, which are highly dynamic and display large plasticity. Recent studies
have led to the surprising finding that both organelles share components of their division machinery, namely the dynamin-related protein DLP1/
Drp1 and hFis1, which recruits DLP1/Drp1 to the organelle membranes. This review addresses the current state of knowledge concerning the
dynamics and fission of peroxisomes, especially in relation to mitochondrial morphology and division in mammalian cells.
© 2006 Elsevier B.V. All rights reserved.Keywords: Dynamin; Fission; Fis1; Mitochondria; Peroxisome; Pex111. Peroxisomes in brief
Peroxisomes were first isolated from rat liver and biochemi-
cally characterized by De Duve and Baudhuin [1]. They
discovered that peroxisomes contained several H2O2-producing
oxidases as well as catalase, a H2O2-degrading enzyme. To
emphasize these chemical properties, De Duve introduced
the functional term “peroxisome”, which gradually replaced
the former morphological designation, “microbody”, coined
by Rhodin [2]. With the invention of the alkaline 3, 3′-
diaminobenzidine (DAB) reaction for catalase, it became
possible to specifically stain these organelles for light and
electron microscopy [3,4]. This cytochemical procedure
revealed that peroxisomes, like mitochondria, are ubiquitous
subcellular organelles which are present in nearly all eukaryotic
cells, including unicellular eukaryotes. Whereas mitochondria
(0.5–0.7 μm in diameter) are double membrane-bound
organelles containing their own genomes and transcription/
translation systems, peroxisomes (0.1–1 μm in diameter) are
morphologically characterized by a single limiting membrane
and a fine granular matrix devoid of DNA. Another remarkableAbbreviations: DLP, dynamin-like protein; Drp, dynamin-related protein;
ER, endoplasmic reticulum; Fip, Fis1 interacting protein; Pex, peroxin; PMP,
peroxisomal membrane protein; PTS, peroxisomal targeting signal
⁎ Tel.: +49 6421 28 63857; fax: +49 6421 28 66414.
E-mail address: schrader@mailer.uni-marburg.de.
0167-4889/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2006.01.004finding was the discovery of a fatty acid β-oxidation system in
peroxisomes, which coexists (and cooperates) with the
mitochondrial fatty acid β-oxidation system in mammalian
cells [5–7]. This discovery was made by studies with several
structurally dissimilar hypolipidemic drugs and plasticizers (so
called “peroxisome proliferators”) which remarkably increased
the number and size of peroxisomes and the synthesis of
peroxisomal enzymes, especially in the livers of rodents [8,9].
Evidence also suggests that the xenobiotic-induced proliferation
of peroxisomes is accompanied by the formation of hepatic
tumors [10–12]. The importance of peroxisomes in mammalian
(and human) metabolism and disease became clear in the 1980s,
when their major role in the β-oxidation of very-long-chain
fatty acids (VLCFA) and in the biosynthesis of ether
glycerolipids (plasmalogens) was discovered [13–15] in con-
junction with Zellweger syndrome, a genetic neurodegenerative
peroxisomal disorder [16,17]. Since then, the “Cinderella”
among the subcellular organelles, which had long been regarded
as the cell's dust bin, changed image and turned into a princess.
At present, more than 50 enzymes have been described in
mammalian peroxisomes, which are involved in diverse
metabolic pathways (such as peroxide metabolism; α- and β-
oxidation of certain fatty acids; metabolism of amino acids and
glyoxylate; catabolism of purines, polyamines, prostaglandins
and eicosanoids) including several anabolic reactions (e.g., the
biosynthesis of ether lipids (plasmalogens), bile acids, choles-
terol and dolichol, fatty acid elongation) [18,19]. It should be
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possess a far wider spectrum of activities than in vertebrates. In
trypanosomes, for example, the peroxisomes harbour glycolytic
enzymes (therefore called glycosomes) [20]; in filamentous
fungi, they are involved in the biosynthesis of penicillin [21]; in
plants, they play an important role in the glyoxylate cycle
(therefore called glyoxysomes) and in photorespiration [22,23],
and in the firefly (Photinus pyralis) peroxisomes in cells of the
lantern organ contain luciferase which catalyzes a light-
producing bioluminescent reaction [24,25]. Recent studies
have revealed the involvement of plant and mammalian
peroxisomes in the metabolism of oxygen free radicals and
nitric oxide that have important functions in cellular signalling.
Like mitochondria, mammalian peroxisomes are supposed
to play an important role in a variety of physiological and
pathological processes involving reactive oxygen species
(ROS) [26–28]. The enthusiasm for the investigation of
peroxisomes has now focussed on the biogenesis of peroxi-
somes, the import of peroxisomal matrix and membrane
proteins, and its relation to a number of inherited human
disorders. It becomes obvious from these ongoing studies that
peroxisomes possess unique features which have often been in
disagreement with existing dogmas in cell biology. In contrast
to mitochondria and ER, for example, peroxisomes can import
completely folded and even oligomeric proteins via a yet
unknown mechanism (reviewed in [29–31]). Furthermore,
recent findings suggest that peroxisomes can be formed de
novo from the ER or a subdomain of the ER [32].
2. The biogenesis of peroxisomes
The metabolic functions of peroxisomes and their protein
composition can vary greatly depending upon organism, cell
type, developmental stage, and environmental conditions.
Peroxisomes in almost all organisms have the remarkable
ability to proliferate and multiply, or be degraded in response
to nutritional and extracellular environmental stimuli [33,34].
In rodents, for example, peroxisome biogenesis (and thus,
peroxisome number, size and expression of peroxisomal
enzymes) is highly induced when activators of the peroxisome
proliferator activated receptor-α (PPAR-α), which belongs to
the family of nuclear transcription factors, are applied [8,9].
In contrast to mitochondria, peroxisomes are devoid of DNA
and their own protein translation machinery, and all of their
proteins are encoded by nuclear genes. Most of the peroxisomal
proteins are synthesized on free polyribosomes in the cytoplasm
and are then post-translationally directed to the organelle [35].
Sorting of peroxisomal matrix proteins is mediated by cytosolic
receptors (Pex5p for PTS1 and Pex7p for PTS2) that recognize
two well-characterized classes of peroxisomal targeting signals
(PTS1 and PTS2). The PTS1 comprises a C-terminal tripeptide
(SKL), whereas the PTS2 is located near the N-terminus. The
majority of the identified peroxins, the proteins required for
peroxisome biogenesis (Pexp), are involved in matrix protein
import and contribute to the formation of the docking and
translocation machinery at the peroxisomal membrane. Con-
trary to mitochondrial protein import, it is assumed that thesoluble receptors accompany their cargo inside the peroxisomes
and recycle back to the cytosol (extended shuttle model).
Furthermore, peroxisomal proteins pass through the intact
peroxisomal membrane in a folded or even oligomeric state,
presumably by the formation of a transient membrane pore (for
reviews, see [29,31,36,37]).
Molecular details on the import of peroxisomal membrane
proteins (PMPs) are just beginning to emerge [30,38]. Posi-
tively charged amino acids adjacent to at least one hydrophobic
patch or transmembrane domain appear to be important com-
ponents of mPTS [39,40]. Until now, the peroxins Pex3p,
Pex19p and Pex16p are implicated in PMP import. Recent
evidence suggests that Pex19p functions as a cycling receptor/
chaperone for PMPs, which is recruited to the peroxisome by
the membrane receptor Pex3p [30,41,42].
The classical model of peroxisome biogenesis, proposed by
Lazarow and Fujiki [35], predicts that peroxisomes grow by
uptake of newly synthesized matrix and membrane proteins
from the cytosol and multiply by division. Like mitochondria,
peroxisomes are often found in close contact to the ER [43,44].
This led to the assumption that specific ER domains mediate the
transport of phospholipids to the growing organelles by an as
yet unknown mechanism. However, recent findings indicate
that there is a direct link between peroxisomes and the ER [45–
48]. There is compelling evidence that some peroxisomal
proteins are routed indirectly to peroxisomes through the
ER (e.g., Pex3p) by a yet unknown mechanism [32,49,50].
Furthermore, data have been reported for different yeasts (e.g.,
Y. lipolytica, P. pastoris) and mammalian cells supporting either
de novo synthesis or the formation of pre-peroxisomal vesicles
from ER subdomains [32,45,51,52]. This links peroxisomes to
the secretory pathway [53], and has led to modifications of
the growth and division model [45,46,48,54]. As some of the
above data are based on recovery experiments, where peroxins
have been re-introduced in cells lacking pre-existing peroxi-
somes, the physiological significance of the mechanism of
peroxisome recovery in comparison to the classical pathway of
growth and division is controversially discussed, especially in
mammalian cells. In some yeasts, which possess only a few
peroxisomes, it may represent a rescue mechanism that becomes
functional in case peroxisomes are lost (e.g., due to failure in
inheritance).
3. Peroxisomal and mitochondrial morphology
3.1. Mitochondrial morphology and dynamics—balanced
fusion and fission
Mitochondria and peroxisomes are both dynamic organelles
which have been shown to frequently change size and shape and
to move in a motor protein-dependent manner along cytoskele-
tal tracks throughout the cell [55,56] (articles by L. Pon and G.
Hajnoczky, this issue). Mitochondria take various shapes,
including small, bean-shaped or spherical structures, elongated
tubules or a single, interconnected tubulo-reticular network [57]
(article by M. Yaffe, this issue). It is assumed that balanced
membrane fission and fusion events are required for the
Fig. 1. Peroxisomal shape and distribution in cultured mammalian cells.
Peroxisomes in HepG2 cells (A, B), a human hepatoblastoma cell line, and in
COS-7 cells (C), a green monkey kidney cell line, were visualized by
immunofluorescence using specific antibodies directed to the peroxisomal
matrix protein catalase (A, B), or to PMP70, a peroxisomal membrane protein
(C). (A) Mammalian cells can exhibit different peroxisomal shapes under
normal culture conditions. Note the spherical shape of peroxisomes in the cell at
the left, in contrast to their elongated, tubular morphology in the cell at right.
Peroxisomes show a uniform intracellular distribution. In panel B peroxisomes
appear like ‘beads on a string’ (arrows) indicating the formation of spherical
peroxisomes by fission from tubular ones. (C) Silencing of DLP1/Drp1 by
siRNA results in the formation of highly elongated and constricted peroxisomes
(arrows). Division into spherical organelles is completely inhibited. N, nucleus.
Scale bars, 10 μm.
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[58]. Although the physiological significance of mitochondrial
dynamics is not fully understood, there is growing evidence that
the maintenance of the correct mitochondrial morphology by
fission and fusion is critical for cell function (reviewed in [59]).
This notion is supported by recent findings that mutations in
genes encoding fission/fusion proteins cause human diseases
[60–63] (and articles by A. Santel and P. Belenguer, this issue).
3.2. Peroxisomal morphology and dynamics—tubules and
‘beads on a string’
Similar to mitochondria, the peroxisomal compartment
displays a remarkable plasticity and complexity. Several
morphologically distinct types of peroxisomes have been
described in mammalian tissues and cell lines, first by electron
microscopic studies [64–67], and later at the light microscopic
level [68–71]. Peroxisomes can appear as spherical organelles,
but are also observed to form elongated, tubular structures and
small, tubulo-reticular networks, which are frequently associ-
ated with lipid droplets [72] (Fig. 1). The tubulo-reticular
peroxisomes are extremely dynamic, with constant formation of
tubular extensions interconnecting or detaching [71,73]. A
heterogeneous and more complex peroxisomal compartment is
observed under conditions of rapid cellular growth, for
example, after hepatectomy [66] or stimulation of cultured
cells with defined growth factors, fatty acids or free radicals
[74,75], suggesting the involvement of intracellular signalling
in peroxisome elongation. The formation of tubular peroxi-
somes was also induced by microtubule depolymerization [76],
or by overexpression of Pex11pβ, a prominent peroxisomal
membrane protein, supposed to be involved in growth and
division of peroxisomes [77] (see Section 5.1). Interestingly,
tubular peroxisomes often showed a ‘beads on a string’-like
appearance before they were observed to fragment into
spherical peroxisomes (Fig. 1). Based on these observations,
it has become evident in the last years that tubulation and
fission of elongated peroxisomes contributes to peroxisome
proliferation and represents processes of peroxisomal growth
and division (Figs. 1, 2). Furthermore, tubule formation of
peroxisomes appears to be an important aspect of peroxisome
division [73,76,77].
4. Peroxisomal and mitochondrial division
4.1. Lessons from mitochondrial division—the players
Organelle fission and fusion events are important for the
regulation of morphology and number, which plays an
essential role in organelle inheritance and function. Fission
and fusion of mitochondria have been found to be mediated by
several large GTPases (e.g., Dnm1/DLP1/Drp1; Fzo1/Mfn1,2;
Mgm1/OPA1, in yeast and mammals, respectively) [78,79]
(articles by J. Nunnari and A. van der Bliek, this issue) (Table
1). Members of the dynamin family of large GTPases have
been implicated in tubulation and fission events of cellular
membranes, either as a molecular switch or as a pinchase-likemechanoenzyme [80–83]. Dynamin is a 100-kDa large
GTPase that participates in membrane scission in multiple
endocytic and secretory organelles [84]. Recent in vitro studies
have indicated that conventional dynamin has the ability to
tubulate spherical liposomes and, upon GTP hydrolysis,
constrict, deform or sever membrane tubules into discrete
vesicles [85–88]. The dynamin-like proteins Dnm1 (yeast),
DRP-1 (C. elegans), and DLP1/Drp1 (mammals) are homo-
logues involved in the mitochondrial fission process [58,89–
92] (Table 1). They have been observed to concentrate at tips
and constrictions of the outer mitochondrial membrane which
leads to final membrane fission [89,93]. Like conventional
dynamin, mammalian DLP1/Drp1 forms a homotetrameric
complex in the cytosol [94], and is able to form rings and
tubulate membranes in a nucleotide-dependent manner both in
living cells and in vitro [95].
Fig. 2. Model of peroxisomal biogenesis and dynamics in mammalian cells. The
potential role of the ER or a subcompartment of the ER in the formation of
peroxisomes is included (see Section 2) The majority of the peroxisomal matrix
and membrane proteins (Class I PMPs) are synthesized on free polyribosomes in
the cytosol and imported post-translationally into pre-existing peroxisomes.
Some membrane proteins (Class II PMPs, early peroxins) are presumably routed
to peroxisomes via the ER or a pre-peroxisomal compartment. Peroxisomes can
multiply by budding (1) and/or by elongation, segmentation and final fission,
forming spherical peroxisomes (2). Pex11pβ is involved in the elongation/
tubulation of peroxisomes (see Section 5.1), whereas DLP1/Drp1 and Fis1
mediate peroxisomal fission (see Section 4). Fis is supposed to recruit cytosolic
DLP1/Drp1 to the peroxisomal membrane. Components involved in the
constriction of peroxisomes are presently unknown. Proper intracellular
distribution of the peroxisomes formed by fission requires microtubules and a
functional dynein/dynactin motor [55]. In yeast and plants peroxisomes are
distributed via the actin cytoskeleton [56,104,148].
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dynamin-related GTPase Dnm1p with Fis1p, a tail-anchored
mitochondrial outer membrane protein, and the soluble
molecular adaptors, Mdv1p, and Caf4p (reviewed in [79])
(Table 1). Mdv1p contains coiled-coil domains and seven
C-terminal WD40 repeats predicted to form a β-propeller and to
function in protein interaction. Caf4p domain structure is
similar to Mdv1p. According to recent models, Fis1p appears to
recruit Dnm1p to mitochondria through one of the two adaptors
[96]. Dnm1p is observed to concentrate at division sites and to
mediate a constriction process of the outer mitochondrial
membrane which leads to final membrane fission. Homologues
of Mdv1p and Caf4p have not yet been identified in higher
eukaryotes, but homologues of Fis1p have been found,
suggesting that the role of Fis1 in mitochondrial fission is
conserved among lower and higher eukaryotes (Table 1).
Evidence has been presented that hFis1, a human homologue of
Fis1p, regulates mitochondrial fission in mammalian cellsthrough an interaction with DLP1/Drp1. Overexpression of
hFis1 causes mitochondrial fragmentation whereas inhibition or
down-regulation induces mitochondrial elongation [97–100].
These observations indicate that hFis1 is a limiting factor in
mitochondrial fission, and suggest that hFis1 serves as a
membrane receptor that recruits DLP1/Drp1 (and/or other
fission components) to mitochondria [97,100].
4.2. A role for DLP1/Drp1 in both peroxisomal and
mitochondrial division
Recent studies have led to the surprising finding that
the dynamin-like protein DLP1/Drp1 is involved in both
mitochondrial as well as peroxisomal fission in mammals
[73,101,102]. In addition to its mitochondrial localization,
DLP1/Drp1 has been found to align in spots along elongated
peroxisomes and to associate with the tips of some tubules
[101]. Since the segmentation of elongated peroxisomes has
been connected with peroxisomal fission [76,77], these
morphological observations are consistent with a direct role of
DLP1/Drp1 in peroxisomal division. Furthermore, DLP1/Drp1
was present in highly purified peroxisomal (and mitochondrial)
fractions isolated from rat liver, and was co-immunopurified
with peroxisome membranes [101,102]. The association of
DLP1/Drp1 with peroxisomes was increased when peroxisome
proliferation was induced, either by expression of Pex11pβ or
by treatment of rats with the potent peroxisome proliferator
bezafibrate. Expression of Pex11pβ has been shown to result in
rapid elongation of peroxisomes, followed by segregation of
peroxisomal proteins and formation of numerous small,
punctiform peroxisomes [77] (see Section 5.1), thus represent-
ing a strong stimulus for peroxisome proliferation. Such a
recruitment of DLP1/Drp1 to peroxisomes is expected under
conditions of rapid growth and division of the peroxisomal
compartment when DLP1/Drp1 is required for these processes.
In line of this, inhibition of DLP1/Drp1 function by expression
of dominant-negative DLP1/Drp1 mutants or down-regulation
of DLP1/Drp1 by siRNA inhibited peroxisomal and mitochon-
drial fission and caused elongation of both organelles [101,102].
Peroxisomal tubules measuring 5 μm up to 15 μm in length
were frequently observed (Fig. 1). ‘Hypertubulation’ of per-
oxisomes (up to 40 μm in length) and the formation of tubulo-
reticular networks of peroxisomes was observed, when
Pex11pβ was expressed in cells silenced for DLP1/Drp1 (or
co-expressing dominant-negative DLP1/Drp1-K38A) [73,101].
This may suggest that fusion of elongated peroxisomes was
promoted under these conditions. In summary, these findings
provide strong evidence for a role of DLP1/Drp1 in both
peroxisomal and mitochondrial division in mammalian cells
(Fig. 2).
The requirement of dynamins for peroxisome division also
extends to higher plants, as the dynamin-related protein DRP3A
has been implicated in both peroxisomal and mitochondrial
division in Arabidopsis thaliana [103]. In glucose-grown yeast,
the division of peroxisomes is supposed to require the dynamin-
related protein Vps1, which plays an additional role in vacuole
biogenesis [104] (Table 1). In cells lacking Vps1, the number of
Table 1
Mitochondrial and peroxisomal morphology proteins in yeast and mammals
Mitochondria Peroxisomes Function
Yeast protein Mammals (homolog) Location Yeast protein Mammals Location
Dnm1 Drp1/DLP1 Cytosol Drp1/DLP1 Cytosol Fission
OMM peripheral Vps1 PoM peripheral
Fis1 hFis1 OMM integrated hFis1 PoM integrated Fission
Mdv1 Cytosol Fission
OMM peripheral
Caf4 Cytosol Fission
OMM peripheral
Endophilin B1 Cytosol Fission
OMM peripheral
MTP18 intramitochondrial Fission
Pex1 Pex1 AAA-ATPases Membrane
Pex6 Pex6 Fusion
Fzo1 Mfn1/2 OMM integrated Fusion
Mgm1 OPA1 IMS peripheral/ Fusion
IMM integrated?
Ugo1 OMM integrated Fusion
Pex11
Pex25
Pex27
Pex11α, β (γ) PoM integrated Tubulation,
Regulation of
size and number
Mmm1 OMM/IMM-spanning Tubulation
Mdm10, Mdm12 OMM integrated Tubulation
Mmm2 OMM integrated Tubulation
Mdm31, Mdm32 IMM integrated Tubulation
Mdm33 IMM integrated IMM fission?
Pex28 PoM Separation?
Pex29 Regulation of
size and number
Pex30
Pex31
PoM Regulation of
size and number
Pex32
Pex16 Intraperoxisomal Curvature?
OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; IMS, intermembrane space; PoM, peroxisomal membrane; Pex, peroxin. For details, see text.
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tubular structures. Interestingly, peroxisomes in vps1Δ cells are
still able to divide, but peroxisome division under these growth
conditions does not require Mgm1 or Dnm1, the two other
dynamin-like proteins of S. cerevisiae [104].
4.3. Peroxisomal and mitochondrial membrane constriction
Interestingly, the elongated peroxisomes observed after
silencing of DLP1/Drp1 (see Section 4.2) had a segmented
morphology, resembling ‘beads on a string’ (Fig. 1).
Ultrastructural and quantitative studies confirmed that the
elongated peroxisomes retained the ability to constrict their
membranes after down-regulation of DLP1/Drp1, but were
not able to divide into spherical organelles [73]. Thus,
DLP1/Drp1 is not required for peroxisome constriction, but
only for final scission. It is assumed that initial peroxisome
constriction and final scission are distinct processes, which
use distinct sets of molecular components (Fig. 2). Since a
peroxisomal tubule has an average diameter of approxi-
mately 100±20 nm, constriction may cause a thinning of
the membrane tubule to favor the association of DLP1/Drp1
(and additional factors) around the tube. It is likely thatconstriction of the peroxisomal membrane takes place before
DLP1/Drp1 recruitment, which is then followed by
subsequent peroxisomal fission. The molecular components
mediating peroxisomal constriction are greatly unknown. It
is likely that constriction is influenced by the local
composition of lipids, which determines lateral strength
and curvature of the membrane. In this context, lipid-
modifying enzymes may be involved, as demonstrated for
endocytic vesicle formation [105,106]. One example of a
protein that could remodel lipids in the peroxisomal
membrane by a regulated interaction with acyl-CoA oxidase
(AOX) and thus, control membrane constriction from within
the peroxisome, is Pex16p from the yeast Y. lipolytica [107]
(Table 1).
It is still a matter of debate whether DLP1/Drp1 is required
for both the initial constriction and the final scission step in
mitochondria, and whether distinct sets of proteins/components
are involved [108–110]. Recently, Mdm33, a component which
might be involved in mitochondrial constriction in S. cerevisiae,
has been identified [111]. Furthermore, mitochondrial structures
which resemble the peroxisomal ‘beads on a string’ have been
observed in C. elegans DRP-1 mutants [90]. In red algae, Dnm1
seems to accumulate on the mitochondria after FtsZ-mediated
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cleave the thin tubule connecting the dividing organelles [112].
Moreover, in yeast, mitochondrial constriction can occur in-
dependently of fission, indicating that Dnm1 is not required
for the constriction process [108]. It has to be demonstrated
whether this is also the case for DLP1/Drp1 on mammalian
mitochondria.
4.4. hFis1—the receptor for DLP1/Drp1 on mitochondria and
peroxisomes
The mitochondrial outer membrane protein Fis1p/hFis1 is a
small 17 kDa protein with a single transmembrane domain at the
C-terminal end [113]. A large part of Fis1p/hFis1 is facing the
cytosol where it is supposed to interact with cytosolic proteins
such as Dnm1/DLP1/Drp1, Mdv1p and Caf4p (reviewed in
[79,97,100]). Structural analyses of hFis1 revealed that the
N-terminal cytosolic domain contains an N-terminal arm and an
antiparallel array of six α-helices, which form a tetratricopep-
tide repeat (TPR)-like fold. It is suggested that its hydrophobic
concave surface serves as a binding pocket to mediate protein–
protein interactions [114,115]. The six α-helices of yeast Fis1
form a TPR-like fold similar to that of hFis [116]. However, the
N-terminal arm of hFis1 appears to be flexible, whereas the
extended, N-terminal arm of yeast Fis1 is partially fixed to the
concave surface of the TPR motif. It is supposed that functional
divergence of the cytoplasmic domain has occurred during
evolution [99]. A recent study indicates that the TPR region
of hFis1 participates in the interaction with DLP1/Drp1 (or
a DLP1/Drp1 containing complex), and that the N-terminal
α1-helix of hFis1 is required for mitochondrial fission pre-
sumably by regulating DLP1/Drp1–hFis1 interaction [100].
We have made the exciting observation that in addition to
DLP1/Drp1, hFis1 is also involved in the proper division of
peroxisomes [117]. Besides its mitochondrial localization,
endogenous and exogenously expressed hFis1 has been found
to be targeted to peroxisomes. Unlike DLP1/Drp1, which is
concentrated in spots, hFis1 distributes evenly along the
membranes of peroxisomes and mitochondria. Fis1 was also
detected in highly purified peroxisomal (and mitochondrial)
fractions isolated from rat liver, and the association of rat Fis1
with peroxisomes was increased when peroxisome proliferation
was induced by bezafibrate [117]. Inhibition of hFis1 function
by siRNA caused a fission defect similar to DLP1/Drp1-
defective cells leading to the formation of elongated peroxi-
somes and mitochondria. Most notably, the ectopic expression
of hFis1 promoted peroxisomal and mitochondrial division
resulting in the accumulation of fragmented mitochondria and
very small, punctiform peroxisomes, which resembled those
induced by Pex11pβ expression. Furthermore, the induction of
peroxisomal and mitochondrial division by hFis1 required a
functional DLP1/Drp1.
Through differential tagging and deletion experiments, we
could demonstrate that the transmembrane domaine and the
short C-terminal tail of hFis1 is both necessary and sufficient for
its targeting to peroxisomes and mitochondria, whereas the
N-terminal region is required for organelle fission and dis-pensable for localization [117]. Whereas soluble matrix proteins
which are targeted to both peroxisomes and mitochondria are
known [118,119], hFis1 is one of the few transmembrane
proteins described so far, which is targeted to both organelles in
mammalian cells [120]. As details about the insertion of
membrane proteins into peroxisomes are just beginning to
emerge (see Section 2), we can currently not answer to the
interesting question how this dual targeting is achieved. We
speculate that it is mediated by the different import machineries,
and not primarily by the information in the hFis1 sequence.
Based on the above observations, it is likely that hFis1 fulfils
similar functions during peroxisomal and mitochondrial
division. Further expression of DLP1/Drp1 which is abundant
in the cytosol, does not induce peroxisomal (and mitochondrial)
fission [73,121] indicating that a molecular adaptor/regulator is
required. As suggested recently [100], hFis1 may be a main
regulator of mitochondrial (and peroxisomal) division by
orchestrating the recruitment and assembly of DLP1/Drp1
during the fission process (Fig. 2). It is possible (and likely) that
hFis1 interacts with other, yet unknown proteins to regulate the
DLP1/Drp1–hFis1 interaction. While no Mdv1p- or Caf4-like
proteins have been found in mammalian cells so far, the
identification of other Fis1-interacting proteins (Fip) on
mitochondria has been reported. The 47-kDa protein Fip1
appears to be a novel component of the mitochondrial fission
machinery [122]. It is highly conserved among higher
eukaryotes as well as some fungi, but is lacking from S.
cerevisiae. Fip1 knockdown results in an elongation of
mitochondria (but not peroxisomes) suggesting that its absence
inhibits the fission process. As hFis1 and DLP1/Drp1 are shared
components of mitochondrial and peroxisomal division, it is
reasonable to speculate that Fis1 interacting proteins specific for
mitochondria (mFip) and peroxisomes (pFip) may exist, which
regulate the assembly of the fission machineries.
5. Unique components of peroxisomal and mitochondrial
dynamics and division
5.1. Pex11p—a membrane tubulator?
The growing family of Pex11 proteins are involved in the
regulation of peroxisomal growth in size and number, and have
been proposed to function in peroxisome division in lower and
higher eukaryotes (reviewed in [123,124]). Pex11p-deficient
cells contain a small number of enlarged peroxisomes, whereas
overexpression results in a high degree of peroxisome pro-
liferation [77,125–129]. Mammalian cells express at least three
distinct Pex11 genes (Pex11pα, β, γ), which are supposed to
control peroxisome proliferation under induced and basal
conditions, respectively [77,128–131]. Pex11pα, β, γ are
transmembrane proteins with their N- and C-termini exposed to
the cytosol, which are likely to form homo-oligomers or homo-
dimers [102,126]. When overexpressed, Pex11pβ induces
peroxisome proliferation through a multistep process involving
peroxisome elongation and segregation of Pex11pβ from other
peroxisomal proteins, followed by peroxisome division [77].
S. cerevisiae has a single Pex11 gene [132], but recent findings
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related proteins, which are involved in the regulation of
peroxisome size and number in yeast [133–135] (Table 1).
Recent studies indicate that Pex11pβ is still able to induce
growth and enlargement of the peroxisomal compartment in the
absence of DLP1, but is itself not capable of dividing or
constricting peroxisomal membranes. We therefore propose a
major function for Pex11pβ in the enlargement and modifica-
tion of the peroxisomal membrane prior to division rather than
in the fission process itself [73,101] (Fig. 2). Similarities of the
yeast Pex11p with the ligand-binding domain of nuclear
hormone receptors might point to a role in phospholipid-
binding [136]. However, the biochemical properties of Pex11p
are still a matter of debate [124]. Although a direct interaction
between DLP1 and Pex11p has not been detected [102], the
membrane modifying activity of Pex11p might support the
recruitment of the fission machinery to peroxisomes through an
indirect mechanism. Furthermore, Fis1 and Pex11p were not
found to be part of a common complex, but co-expression of
both proteins disturbed the normal uniform intracellular
distribution of peroxisomes [117].
These observations further suggest that peroxisomal elon-
gation, constriction and fission require distinct sets of proteins/
components, and that tubule formation of peroxisomes is an
important prerequisite of peroxisome division [73,76] (Fig. 2).
Interestingly, several mitochondrial membrane proteins (e.g.,
Mmm1p, Mdm10p, Mdm12p) have been identified in fungi but
not in higher eukaryotes, which are required for the formation of
mitochondrial tubules (Table 1). When this tubulation pathway
is disrupted, mitochondria form large spheres (reviewed in [79])
(see article by N. Pfanner, this issue).
5.2. Endophilin B1 and MTP18
Endophilin B1, a putative fatty acyl transferase, has recently
been reported to be required for the maintenance of mitochon-
drial morphology in mammalian cells, especially for the
remodelling of the outer mitochondrial membrane [137]
(Table 1). It was found to partially colocalize and cofractionate
with mitochondria. Endophilin B1 down-regulation or expres-
sion of a truncated endophilin B1 lacking the putative lipid-
modifying domain caused changes in mitochondrial shape, the
dissociation of the outer and inner mitochondrial membrane and
the formation of outer mitochondrial membrane-bound tubules
and vesicles. Members of the endophilin protein family (for
example, amphiphysin, endophilin 1, BARS-50) are supposed
to participate in the regulation of membrane curvature, a process
required for membrane scission [105,106]. However, the
functional role of endophilin and related components has
recently been questioned [138]. The morphology and distribu-
tion of peroxisomes appeared not to be influenced by
knockdown of endophilin B1 [137] or by expression of a
truncated variant of endophilin B1 (M. Schrader, unpublished
observation).
MTP18, a nuclear-encoded mitochondrial membrane pro-
tein, is also suggested to be a novel component for mito-
chondrial fission in mammalian cells [139,140] (Table 1).Interestingly, MTP18 is supposed to be an intramitochondrial
protein exposed to the intermembrane space. Overexpression of
MTP18 caused DLP1/Drp1-dependent mitochondrial fragmen-
tation, whereas a loss-of function resulted in highly fused
mitochondria. Moreover, hFis1-induced mitochondrial fission
was blocked after silencing of MTP18. MTP18 appears to be
specific for mitochondrial fission, as it does not localize to
peroxisomes. Furthermore, peroxisomal morphology is not
greatly altered after overexpression of full-length MTP18, or
truncated variants (M. Schrader, unpublished observations).
6. Peroxisomal and mitochondrial cooperation and
coevolution
There is growing evidence that peroxisomes and mitochon-
dria are metabolically linked organelles, which are cooperating
and cross-talking. Mitochondria and peroxisomes have a key
role in both the production and scavenging of reactive oxygen
species (ROS), which have important functions in cellular
signalling [26–28]. In animals (including humans), both
peroxisomes and mitochondria harbour a β-oxidation system
and interact functionally in the oxidation of fatty acids, and in
thermogenesis (reviewed in [34,141,142]). It has to be noted
that in yeast and in plant cells, peroxisomes are the only site of
β-oxidation [143] making them essential for the utilization of
fat in these organisms. A metabolic link between peroxisomes
and mitochondria is also found in certain yeasts grown on fatty
acids or alkanes, where the enzymes of the glyoxylate cycle are
shared, and in plant leaves where the organelles tightly
cooperate in the diversion of glycolate, produced by photosyn-
thesis, into glycine and serine production, resulting in photo-
respiration [22,23]. Such a metabolic communication renders
peroxisomes and mitochondria dependent upon each other for
their function. It further requires a coordinated biogenesis and
turnover.
An endosymbiotic origin, which is generally accepted for
mitochondria, has also been proposed for peroxisomes.
However, recent findings on the de novo formation of
peroxisomes suggest that the original peroxisome was possibly
derived from a cellular membrane system such as the
endoplasmic reticulum as an invention of the eukaryotic cell
(reviewed in [144]). It is possible that the peroxisomes were
already present when the promitochondria colonised the early
eukaryotic cell. Enzyme mislocations between peroxisomes and
mitochondria are supposed to have occurred during evolution
giving rise to the analogous metabolic pathways in both
organelles. As mitochondria appear to have lost division
components of their bacterial origin [145] (see also article by
T. Kuoriwa, this issue), they may even have coopted the main
components of their outer membrane fission machinery from
peroxisomes (and other membrane compartments of the pro-
eukaryotic cell).
7. Perspectives
The discovery that DLP1/Drp1 and hFis1 are required for
peroxisomal (and mitochondrial) fission has opened the field for
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machinery. Although both mitochondria and peroxisomes
utilize some organelle-specific components for membrane
division and maintenance of morphology, it is reasonable to
speculate that they might have other components of the fission
machinery in common. It is an interesting question, how the
dual targeting of these components is mediated, and how the
assembly of the division machinery on both peroxisomes and
mitochondria is regulated. In contrast to mitochondria, peroxi-
somes have to divide a single limiting membrane only.
Therefore, they might represent a simpler model (however,
not less complex) for the understanding of organelle fission.
Further studies of DLP1/Drp1-mediated organelle fission
should also be of considerable value for the understanding of
peroxisomal biogenesis. It may be possible that dynamin-
related proteins are also involved in the biogenesis of
peroxisomes as they emanate from the ER or a pre-peroxisomal
compartment.
Studying peroxisomal (and mitochondrial) morphology and
dynamics is certainly one of the exciting fields because of its
relation to peroxisomal (mitochondrial) functionality. There is
growing evidence that in addition to the regulation of
organelle morphology, mitochondrial dynamics play addition-
al roles in mitochondrial function [59,109] such as electron
transport and regulation of apoptosis. It is further assumed
that the close link between morphology and function has an
impact on cell and tissue physiology, for example on em-
bryonic development, cell death, neurodegeneration and aging
[59,146]. Peroxisomes orchestrate important functions during
development [147], and peroxisome proliferation as well
as dysfunctions are linked to tumor formation, neurodegen-
eration and aging. It is an exciting question, if and how
peroxisomal morphology and dynamics influence peroxisomal
functions as well as developmental and physiological
processes.
Acknowledgements
I thank the members of my laboratory for their invaluable
work, Mark McNiven and Yisang Yoon for their support, as
well as Georg Lüers, Dariush Fahimi and Alfred Völkl for many
stimulating discussions.
References
[1] C. De Duve, P. Baudhuin, Peroxisomes (microbodies and related
particles), Physiol. Rev. 46 (1966) 323–357.
[2] J. Rhodin, Correlation of ultrastructural organization and function in
normal experimentally changed convoluted tubule cells of the mouse
kidney, PhD thesis, Aktiebolaget Godvil, Stockholm, 1954.
[3] H.D. Fahimi, Cytochemical localization of peroxidase activity in rat
hepatic microbodies (peroxisomes), J. Histochem. Cytochem. 16 (8)
(1968) 547–550.
[4] A.B. Novikoff, S. Goldfischer, Visualization of peroxisomes (micro-
bodies) and mitochondria with diaminobenzidine, J. Histochem.
Cytochem. 17 (10) (1969) 675–680.
[5] T.G. Cooper, H. Beevers, Beta oxidation in glyoxysomes from castor
bean endosperm, J. Biol. Chem. 244 (13) (1969) 3514–3520.
[6] P.B. Lazarow, C. De Duve, A fatty acyl-CoA oxidizing system in rat liverperoxisomes; enhancement by clofibrate, a hypolipidemic drug, Proc.
Natl. Acad. Sci. U. S. A. 73 (6) (1976) 2043–2046.
[7] R.J. Wanders, Peroxisomes, lipid metabolism, and human disease, Cell.
Biochem. Biophys. 32 (2000) 89–106.
[8] H.D. Fahimi, A. Reinicke, M. Sujatta, S. Yokota, M. Ozel, F. Hartig, K.
Stegmeier, The short- and long-term effects of bezafibrate in the rat, Ann.
N. Y. Acad. Sci. 386 (1982) 111–135.
[9] J.K. Reddy, N.D. Lalwani, Carcinogenesis by hepatic peroxisome
proliferators: evaluation of the risk of hypolipidemic drugs and industrial
plasticizers to humans, CRC Crit. Rev. Toxicol. 12 (1983) 1–58.
[10] J.K. Reddy, D.L. Azarnoff, C.E. Hignite, Hypolipidaemic hepatic
peroxisome proliferators form a novel class of chemical carcinogens,
Nature 283 (5745) (1980) 397–398.
[11] J.K. Reddy, J.R. Warren, M.K. Reddy, N.D. Lalwani, Hepatic and renal
effects of peroxisome proliferators: biological implications, Ann. N. Y.
Acad. Sci. 386 (1982) 81–110.
[12] D.E. Moody, J.K. Reddy, B.G. Lake, J.A. Popp, D.H. Reese, Peroxisome
proliferation and nongenotoxic carcinogenesis: commentary on a
symposium, Fundam. Appl. Toxicol. 16 (2) (1991) 233–248.
[13] A.K. Hajra, C.L. Burke, C.L. Jones, Subcellular localization of acyl
coenzyme A: dihydroxyacetone phosphate acyltransferase in rat
liver peroxisomes (microbodies), J. Biol. Chem. 254 (21) (1979)
10896–10900.
[14] F.R. Brown III, A.J. McAdams, J.W. Cummins, R. Konkol, I. Singh, A.B.
Moser, H.W. Moser, Cerebro-hepato-renal (Zellweger) syndrome and
neonatal adrenoleukodystrophy: similarities in phenotype and accumu-
lation of very long chain fatty acids, Johns Hopkins Med. J. 151 (6)
(1982) 344–351.
[15] H.S. Heymans, R.B. Schutgens, R. Tan, H. van den Bosch, P. Borst,
Severe plasmalogen deficiency in tissues of infants without peroxisomes
(Zellweger syndrome), Nature 306 (5938) (1983) 69–70.
[16] S. Goldfischer, C.L. Moore, A.B. Johnson, A.J. Spiro, M.P.
Valsamis, H.K. Wisniewski, R.H. Ritch, W.T. Norton, I. Rapin,
L.M. Gartner, Peroxisomal and mitochondrial defects in the
cerebro-hepato-renal syndrome, Science 182 (107) (1973) 62–64.
[17] S. Weller, S.J. Gould, D. Valle, Peroxisome biogenesis disorders, Annu.
Rev. Genomics Hum. Genet. 4 (2003) 165–211.
[18] H. van den Bosch, R.B. Schutgens, R.J. Wanders, J.M. Tager,
Biochemistry of peroxisomes, Annu. Rev. Biochem. 61 (1992) 157–197.
[19] G.P. Mannaerts, P.P. Van Veldhoven, Role of peroxisomes in mammalian
metabolism, Cell Biochem. Funct. 10 (3) (1992) 141–151.
[20] M. Parsons, Glycosomes: parasites and the divergence of peroxisomal
purpose, Mol. Microbiol. 53 (3) (2004) 717–724.
[21] J.A. Kiel, I.J. van der Klei, M.A. van den Berg, R.A. Bovenberg, M.
Veenhuis, Overproduction of a single protein, Pc-Pex11p, results in 2-fold
enhanced penicillin production by Penicillium chrysogenum, Fungal
Genet. Biol. 42 (2) (2005) 154–164.
[22] R. Douce, J. Bourguignon, M. Neuburger, F. Rebeille, The glycine
decarboxylase system: a fascinating complex, Trends Plant Sci. 6 (4)
(2001) 167–176.
[23] M. Hayashi, M. Nishimura, Entering a new era of research on plant
peroxisomes, Curr. Opin. Plant Biol. 6 (6) (2003) 577–582.
[24] G.A. Keller, S. Gould, M. Deluca, S. Subramani, Firefly luciferase is
targeted to peroxisomes in mammalian cells, Proc. Natl. Acad. Sci.
U. S. A. 84 (10) (1987) 3264–3268.
[25] S.G. Gould, G.A. Keller, S. Subramani, Identification of a peroxisomal
targeting signal at the carboxy terminus of firefly luciferase, J. Cell Biol.
105 (1987) 2923–2931.
[26] L. Moldovan, N.I. Moldovan, Oxygen free radicals and redox biology of
organelles, Histochem. Cell Biol. 122 (4) (2004) 395–412.
[27] M. Schrader, H.D. Fahimi, Mammalian peroxisomes and reactive oxygen
species, Histochem. Cell Biol. 122 (4) (2004) 383–393.
[28] P. Jezek, L. Hlavata, Mitochondria in homeostasis of reactive oxygen
species in cell, tissues, and organism, Int. J. Biochem. Cell Biol. 37 (12)
(2005) 2478–2503.
[29] S.J. Gould, C.S. Collins, Opinion: peroxisomal-protein import: is it really
that complex? Nat. Rev., Mol. Cell Biol. 3 (5) (2002) 382–389.
[30] I. Heiland, R. Erdmann, Biogenesis of peroxisomes. Topogenesis of the
539M. Schrader / Biochimica et Biophysica Acta 1763 (2006) 531–541peroxisomal membrane and matrix proteins, FEBS J. 272 (10) (2005)
2362–2372.
[31] R. Erdmann, W. Schliebs, Opinion: peroxisomal matrix protein import:
the transient pore model, Nat. Rev., Mol. Cell Biol. 6 (9) (2005)
738–742.
[32] D. Hoepfner, D. Schildknegt, I. Braakman, P. Philippsen, H.F. Tabak,
Contribution of the endoplasmic reticulum to peroxisome formation, Cell
122 (1) (2005) 85–95.
[33] K. Beier, H.D. Fahimi, Environmental pollution by common chemicals
and peroxisome proliferation: efficient detection by cytochemistry and
automatic image analysis, Prog. Histochem. Cytochem. 23 (1–4) (1991)
150–163.
[34] J.K. Reddy, G.P. Mannaerts, Peroxisomal lipid metabolism, Annu. Rev.
Nutr. 14 (1994) 343–370.
[35] P.B. Lazarow, Y. Fujiki, Biogenesis of peroxisomes, Annu. Rev. Cell
Biol. 1 (1985) 489–530.
[36] J.H. Eckert, R. Erdmann, Peroxisome biogenesis, Rev. Physiol. Biochem.
Pharmacol. 147 (2003) 75–121.
[37] A. Baker, I.A. Sparke, Peroxisome protein import: some answers, more
questions, Curr. Opin. Plant Biol. 8 (6) (2005) 640–647.
[38] W. Schliebs, W.H. Kunau, Peroxisome membrane biogenesis: the stage is
set, Curr. Biol. 14 (10) (2004) R397–R399.
[39] P.E. Purdue, P.B. Lazarow, Peroxisome biogenesis, Annu. Rev. Cell Dev.
Biol. 17 (2001) 701–752.
[40] H. Rottensteiner, A. Kramer, S. Lorenzen, K. Stein, C. Landgraf, R.
Volkmer-Engert, R. Erdmann, Peroxisomal membrane proteins contain
common Pex19p-binding sites that are an integral part of their targeting
signals (mPTS), Mol. Biol. Cell 15 (7) (2004) 3406–3417.
[41] J.M. Jones, J.C. Morrell, S.J. Gould, PEX19 is a predominantly cytosolic
chaperone and import receptor for class 1 peroxisomal membrane
proteins, J. Cell Biol. 164 (2004) 57–67.
[42] Y. Fang, J.C. Morrell, J.M. Jones, S.J. Gould, PEX3 functions as a PEX19
docking factor in the import of class I peroxisomal membrane proteins,
J. Cell Biol. 164 (2004) 863–875.
[43] G. Achleitner, B. Gaigg, A. Krasser, E. Kainersdorfer, S.D. Kohlwein, A.
Perktold, G. Zellnig, G. Daum, Association between the endoplasmic
reticulum and mitochondria of yeast facilitates interorganelle transport of
phospholipids through membrane contact, Eur. J. Biochem. 264 (1999)
545–553.
[44] M. Grabenbauer, K. Satzler, E. Baumgart, H.D. Fahimi, Three-
dimensional ultrastructural analysis of peroxisomes in HepG2 cells.
Absence of peroxisomal reticulum but evidence of close spatial
association with the endoplasmic reticulum, Cell. Biochem. Biophys.
32 (2000) 37–49.
[45] V.I. Titorenko, R.A. Rachubinski, The life cycle of the peroxisome, Nat.
Rev., Mol. Cell Biol. 2 (5) (2001) 357–368.
[46] R.T. Mullen, C.R. Flynn, R.N. Treleas, How are peroxisomes formed?
The role of the endoplasmic reticulum and peroxins, Trends Plant Sci. 6
(2001) 256–261.
[47] H.F. Tabak, J.L. Murk, I. Braakman, H.J. Geuze, Peroxisomes start their
life in the endoplasmic reticulum, Traffic 4 (8) (2003) 512–518.
[48] H.J. Geuze, J.L. Murk, A.K. Stroobants, J.M. Griffith, M.J. Kleijmeer,
A.J. Koster, A.J. Verkleij, B. Distel, H.F. Tabak, Involvement of the
endoplasmic reticulum in peroxisome formation, Mol. Biol. Cell 14 (7)
(2003) 2900–2907.
[49] Y.Y. Tam, A. Fagarasanu, M. Fagarasanu, R.A. Rachubinski, Pex3p
initiates the formation of a preperoxisomal compartment from a
subdomain of the endoplasmic reticulum in Saccharomyces cerevisiae,
J. Biol. Chem. 280 (41) (2005) 34933–34939.
[50] A. Kragt, T. Voorn-Brouwer, M. van den Berg, B. Distel, Endoplasmic
reticulum-directed Pex3p Routes to peroxisomes and restores peroxisome
formation in a Saccharomyces cerevisiae pex3Delta strain, J. Biol. Chem.
280 (40) (2005) 34350–34357.
[51] S.T. South, S.J. Gould, Peroxisome synthesis in the absence of pre-
existing peroxisomes, J. Cell Biol. 144 (2) (1999) 255–266.
[52] K.N. Faber, G.J. Haan, R.J. Baerends, A.M. Kram, M. Veenhuis, Normal
peroxisome development from vesicles induced by truncated Hansenula
polymorpha Pex3p, J. Biol. Chem. 277 (13) (2002) 11026–11033.[53] R. Schekman, Peroxisomes: another branch of the secretory pathway?
Cell 122 (1) (2005) 1–2.
[54] I. van der Klei, M. Veenhuis, Peroxisomes: flexible and dynamic
organelles, Curr. Opin. Cell Biol. 14 (4) (2002) 500–505.
[55] M. Schrader, M. Thiemann, H.D. Fahim, Peroxisomal motility and
interaction with microtubules, Microsc. Res. Tech. 61 (2) (2003)
171–178.
[56] D.G. Muench, R.T. Mullen, Peroxisome dynamics in plant cells: a role for
the cytoskeleton, Plant Sci. 164 (2003) 307–315.
[57] M.P. Yaffe, The machinery of mitochondrial inheritance and behavior,
Science 283 (5407) (1999) 1493–1497.
[58] H. Sesaki, R.E. Jensen, Division versus fusion: Dnm1p and Fzo1p
antagonistically regulate mitochondrial shape, J. Cell Biol. 147 (4) (1999)
699–706.
[59] H. Chen, D.C. Chan, Emerging functions of mammalian mitochondrial
fusion and fission, Hum. Mol. Genet. 14 (Suppl. 2) (2005) R283–R289.
[60] C. Alexander, M. Votruba, U.E. Pesch, D.L. Thiselton, S. Mayer, A.
Moore, M. Rodriguez, U. Kellner, B. Leo-Kottler, G. Auburger, S.S.
Bhattacharya, B. Wissinger, OPA1, encoding a dynamin-related GTPase,
is mutated in autosomal dominant optic atrophy linked to chromosome
3q28, Nat. Genet. 26 (2) (2000) 211–215.
[61] C. Delettre, G. Lenaers, J.M. Griffoin, N. Gigarel, C. Lorenzo, P.
Belenguer, L. Pelloquin, J. Grosgeorge, C. Turc-Carel, E. Perret, C.
Astarie-Dequeker, L. Lasquellec, B. Arnaud, B. Ducommun, J. Kaplan,
C.P. Hamel, Nuclear gene OPA1, encoding a mitochondrial dynamin-
related protein, is mutated in dominant optic atrophy, Nat. Genet. 26 (2)
(2000) 207–210.
[62] S. Zuchner, I.V. Mersiyanova, M. Muglia, N. Bissar-Tadmouri, J.
Rochelle, E.L. Dadali, M. Zappia, E. Nelis, A. Patitucci, J. Senderek, Y.
Parman, O. Evgrafov, P.D. Jonghe, Y. Takahashi, S. Tsuji, M.A. Pericak-
Vance, A. Quattrone, E. Battaloglu, A.V. Polyakov, V. Timmerman, J.M.
Schroder, J.M. Vance, Mutations in the mitochondrial GTPase mitofusin
2 cause Charcot–Marie–Tooth neuropathy type 2A, Nat. Genet. 36 (5)
(2004) 449–451.
[63] A. Niemann, M. Ruegg, V. La Padula, A. Schenone, U. Suter,
Ganglioside-induced differentiation associated protein 1 is a regulator
of the mitochondrial network: new implications for Charcot–Marie–
Tooth disease, J. Cell Biol. 170 (7) (2005) 1067–1078.
[64] L. Hicks, H.D. Fahimi, Peroxisomes (microbodies) in the myocardium of
rodents and primates. A comparative ultrastructural cytochemical study,
Cell Tissue Res. 175 (4) (1977) 467–481.
[65] K. Gorgas, Peroxisomes in sebaceous glands. V. Complex peroxisomes in
the mouse preputial gland: serial sectioning and three-dimensional
reconstruction studies, Anat. Embryol. (Berl) 169 (3) (1984) 261–270.
[66] K. Yamamoto, H.D. Fahimi, Three-dimensional reconstruction of a
peroxisomal reticulum in regenerating rat liver: evidence of interconnec-
tions between heterogeneous segments, J. Cell Biol. 105 (2) (1987)
713–722.
[67] F. Roels, M. Espeel, M. Pauwels, D. De Craemer, H.J. Egberts, P. van der
Spek, Different types of peroxisomes in human duodenal epithelium, Gut
32 (8) (1991) 858–865.
[68] M. Schrader, E. Baumgart, A. Volkl, H.D. Fahimi, Heterogeneity of
peroxisomes in human hepatoblastoma cell line HepG2. Evidence of
distinct subpopulations, Eur. J. Cell Biol. 64 (2) (1994) 281–294.
[69] M. Schrader, J.K. Burkhardt, E. Baumgart, G. Luers, A. Volkl, H.D.
Fahimi, The importance of microtubules in determination of shape and
intracellular distribution of peroxisomes, Ann. N. Y. Acad. Sci. 804
(1996) 669–671.
[70] J.A. Litwin, B. Bilinska, Morphological heterogeneity of peroxisomes in
cultured mouse Leydig cells, Folia Histochem. Cytobiol. 33 (4) (1995)
255–258.
[71] M. Schrader, S.J. King, T.A. Stroh, T.A. Schroer, Real time imaging
reveals a peroxisomal reticulum in living cells, J. Cell Sci. 113 (2000)
3663–3671.
[72] M. Schrader, Tubulo-reticular clusters of peroxisomes in living COS-7
cells: dynamic behavior and association with lipid droplets, J. Histochem.
Cytochem. 49 (11) (2001) 1421–1429.
[73] A. Koch, G. Schneider, G.H. Luers, M. Schrader, Peroxisome elongation
540 M. Schrader / Biochimica et Biophysica Acta 1763 (2006) 531–541and constriction but not fission can occur independently of dynamin-like
protein 1, J. Cell Sci. 117 (2004) 3995–4006.
[74] M. Schrader, K. Krieglstein, H.D. Fahimi, Tubular peroxisomes in
HepG2 cells: selective induction by growth factors and arachidonic acid,
Eur. J. Cell Biol. 75 (1998) 87–96.
[75] M. Schrader, R. Wodopia, H.D. Fahimi, Induction of tubular peroxi-
somes by UV irradiation and reactive oxygen species in HepG2 cells,
J. Histochem. Cytochem. 47 (1999) 1141–1148.
[76] M. Schrader, J.K. Burkhardt, E. Baumgart, G. Luers, H. Spring, A. Volkl,
H.D. Fahimi, Interaction of microtubules with peroxisomes. Tubular and
spherical peroxisomes in HepG2 cells and their alterations induced by
microtubule-active drugs, Eur. J. Cell Biol. 69 (1996) 24–35.
[77] M. Schrader, B.E. Reuber, J.C. Morrell, G. Jimenez-Sanchez, C. Obie, T.A.
Stroh, D. Valle, T.A. Schroer, S.J. Gould, Expression of PEX11beta
mediates peroxisome proliferation in the absence of extracellular
stimuli, J. Biol. Chem. 273 (45) (1998) 29607–29614.
[78] S.L. Meeusen, J. Nunnari, How mitochondria fuse, Curr. Opin. Cell Biol.
17 (4) (2005) 389–394.
[79] K. Okamoto, J.M. Shaw, Mitochondrial morphology and dynamics in
yeast and multicellular eukaryotes, Annu. Rev. Genet. 39 (2005)
503–536.
[80] M.A. McNiven, Dynamin: a molecular motor with pinchase action, Cell
94 (2) (1998) 151–154.
[81] M.A. McNiven, H. Cao, K.R. Pitts, Y. Yoon, The dynamin family of
mechanoenzymes: pinching in new places, Trends Biochem. Sci. 25 (3)
(2000) 115–120.
[82] W. Margolin, Organelle division: self-assembling GTPase caught in the
middle, Curr. Biol. 10 (9) (2000) R328–R330.
[83] D. Danino, J.E. Hinshaw, Dynamin family of mechanoenzymes, Curr.
Opin. Cell Biol. 13 (4) (2001) 454–460.
[84] G.J. Praefcke, H.T. McMahon, The dynamin superfamily: universal
membrane tubulation and fission molecules? Nat. Rev., Mol. Cell Biol. 5
(2) (2004) 133–147.
[85] S.M. Sweitzer, J.E. Hinshaw, Dynamin undergoes a GTP-dependent
conformational change causing vesiculation, Cell 93 (6) (1998)
1021–1029.
[86] K. Takei, V. Haucke, V. Slepnev, K. Farsad, M. Salazar, H. Chen, P. De
Camilli, Generation of coated intermediates of clathrin-mediated
endocytosis on protein-free liposomes, Cell 94 (1) (1998) 131–141.
[87] K. Takei, V.I. Slepnev, V. Haucke, P. De Camilli, Functional partnership
between amphiphysin and dynamin in clathrin-mediated endocytosis,
Nat. Cell Biol. 1 (1) (1999) 33–39.
[88] M.H. Stowell, B. Marks, P. Wigge, H.T. McMahon, Nucleotide-
dependent conformational changes in dynamin: evidence for a mecha-
nochemical molecular spring, Nat. Cell Biol. 1 (1) (1999) 27–32.
[89] W. Bleazard, J.M. McCaffery, E.J. King, S. Bale, A. Mozdy, Q. Tieu, J.
Nunnari, J.M. Shaw, The dynamin-related GTPase Dnm1 regulates
mitochondrial fission in yeast, Nat. Cell Biol. 1 (5) (1999) 298–304.
[90] A.M. Labrousse, M.D. Zappaterra, D.A. Rube, A.M. van der Bliek, C.
elegans dynamin-related protein DRP-1 controls severing of the
mitochondrial outer membrane, Mol. Cell 4 (5) (1999) 815–826.
[91] Y. Yoon, M.A. McNiven, Mitochondrial division: new partners in
membrane pinching, Curr. Biol. 11 (2) (2001) R67–R70.
[92] Y. Yoon, Sharpening the scissors: mitochondrial fission with aid, Cell
Biochem. Biophys. 41 (2) (2004) 193–206.
[93] E. Smirnova, L. Griparic, D.L. Shurland, A.M. van der Bliek, Dynamin-
related protein Drp1 is required for mitochondrial division in mammalian
cells, Mol. Biol. Cell 12 (8) (2001) 2245–2256.
[94] H.W. Shin, H. Takatsu, H. Mukai, E. Munekata, K. Murakami, K.
Nakayama, Intermolecular and interdomain interactions of a dynamin-
related GTP-binding protein, Dnm1p/Vps1p-like protein, J. Biol. Chem.
274 (5) (1999) 2780–2785.
[95] Y. Yoon, K.R. Pitts, M.A. McNiven, Mammalian dynamin-like protein
DLP1 tubulates membranes, Mol. Biol. Cell 12 (9) (2001)
2894–2905.
[96] K. Naylor, E. Ingerman, V. Okreglak, M. Marino, J.E. Hinshaw, J.
Nunnari, MDV1 interacts with assembled DNM1 to promote mitochon-
drial division, J. Biol. Chem. 281 (4) (2006) 2177–2183.[97] Y. Yoon, E.W. Krueger, B.J. Oswald, M.A. McNiven, The mitochondrial
protein hFis1 regulates mitochondrial fission in mammalian cells through
an interaction with the dynamin-like protein DLP1, Mol. Cell. Biol. 23
(15) (2003) 5409–5420.
[98] D.I. James, P.A. Parone, Y. Mattenberger, J.C. Martinou, hFis1, a novel
component of the mammalian mitochondrial fission machinery, J. Biol.
Chem. 278 (38) (2003) 36373–36379.
[99] D. Stojanovski, O.S. Koutsopoulos, K. Okamoto, M.T. Ryan, Levels of
human Fis1 at the mitochondrial outer membrane regulate mitochondrial
morphology, J. Cell Sci. 117 (2004) 1201–1210.
[100] T. Yu, R.J. Fox, L.S. Burwell, Y. Yoon, Regulation of mitochondrial
fission and apoptosis by the mitochondrial outer membrane protein hFis1,
J. Cell Sci. 118 (2005) 4141–4151.
[101] A. Koch, M. Thiemann, M. Grabenbauer, Y. Yoon, M.A. McNiven, M.
Schrader, Dynamin-like protein 1 is involved in peroxisomal fission,
J. Biol. Chem. 278 (10) (2003) 8597–8605.
[102] X. Li, S.J. Gould, The dynamin-like GTPase DLP1 is essential for
peroxisome division and is recruited to peroxisomes in part by PEX11,
J. Biol. Chem 278 (19) (2003) 17012–17020.
[103] S. Mano, C. Nakamori, M. Kondo, M. Hayashi, M. Nishimura, An
Arabidopsis dynamin-related protein, DRP3A, controls both peroxisomal
and mitochondrial division, Plant J. 38 (3) (2004) 487–498.
[104] D. Hoepfner, M. van den Berg, P. Philippsen, H.F. Tabak, E.H. Hettema,
A role for Vps1p, actin, and the Myo2p motor in peroxisome abundance
and inheritance in Saccharomyces cerevisiae, J. Cell Biol. 155 (6) (2001)
979–990.
[105] A. Schmidt, M. Wolde, C. Thiele, W. Fest, H. Kratzin, A.V.
Podtelejnikov, W. Witke, W.B. Huttner, H.D. Soling, Endophilin I
mediates synaptic vesicle formation by transfer of arachidonate to
lysophosphatidic acid, Nature 401 (6749) (1999) 133–141.
[106] R. Weigert, M.G. Silletta, S. Spano, G. Turacchio, C. Cericola, A.
Colanzi, S. Senatore, R. Mancini, E.V. Polishchuk, M. Salmona, F.
Facchiano, K.N. Burger, A. Mironov, A. Luini, D. Corda, CtBP/BARS
induces fission of Golgi membranes by acylating lysophosphatidic acid,
Nature 402 (6760) (1999) 429–433.
[107] T. Guo, Y.Y. Kit, J.M. Nicaud, M.T. Le Dall, S.K. Sears, H. Vali, H. Chan,
R.A. Rachubinski, V.I. Titorenko, Peroxisome division in the yeast
Yarrowia lipolytica is regulated by a signal from inside the peroxisome,
J. Cell Biol. 162 (7) (2003) 1255–1266.
[108] A. Legesse-Miller, R.H. Massol, T. Kirchhausen, Constriction and
Dnm1p recruitment are distinct processes in mitochondrial fission, Mol.
Biol. Cell 14 (5) (2003) 1953–1963.
[109] R.J. Youle, M. Karbowski, Mitochondrial fission in apoptosis, Nat. Rev.,
Mol. Cell Biol. 6 (8) (2005) 657–663.
[110] E. Ingerman, E.M. Perkins, M. Marino, J.A. Mears, J.M. McCaffery, J.E.
Hinshaw, J. Nunnari, Dnm1 forms spirals that are structurally tailored to
fit mitochondria, J. Cell Biol. 170 (7) (2005) 1021–1027.
[111] M. Messerschmitt, S. Jakobs, F. Vogel, S. Fritz, K.S. Dimmer, W.
Neupert, B. Westermann, The inner membrane protein Mdm33 controls
mitochondrial morphology in yeast, J. Cell Biol. 160 (4) (2003)
553–564.
[112] K. Nishida, M. Takahara, S.Y. Miyagishima, H. Kuroiwa, M. Matsuzaki,
T. Kuroiwa, Dynamic recruitment of dynamin for final mitochondrial
severance in a primitive red alga, Proc. Natl. Acad. Sci. U. S. A. 100 (4)
(2003) 2146–2151.
[113] A.D. Mozdy, J.M. McCaffery, J.M. Shaw, Dnm1p GTPase-mediated
mitochondrial fission is a multi-step process requiring the novel integral
membrane component Fis1p, J. Cell Biol. 151 (2) (2000) 367–380.
[114] J.A. Dohm, S.J. Lee, J.M. Hardwick, R.B. Hill, A.G. Gittis, Cytosolic
domain of the human mitochondrial fission protein Fis1 adopts a TPR
fold, Proteins 54 (1) (2004) 153–156.
[115] M. Suzuki, S.Y. Jeong, M. Karbowski, R.J. Youle, N. Tjandra, The
solution structure of human mitochondria fission protein Fis1 reveals a
novel TPR-like helix bundle, J. Mol. Biol. 334 (3) (2003) 445–458.
[116] M. Suzuki, A. Neutzner, N. Tjandra, R.J. Youle, Novel structure of the N
terminus in yeast Fis1 correlates with a specialized function in
mitochondrial fission, J. Biol. Chem. 280 (22) (2005) 21444–21452.
[117] A. Koch, Y. Yoon, N.A. Bonekamp, M.A. McNiven, M. Schrader, A role
541M. Schrader / Biochimica et Biophysica Acta 1763 (2006) 531–541for Fis1 in both mitochondrial and peroxisomal fission in mammalian
cells, Mol. Biol. Cell 16 (11) (2005) 5077–5086.
[118] E. Szewczyk, A. Andrianopoulos, M.A. Davis, M.J. Hynes, A single gene
produces mitochondrial, cytoplasmic, and peroxisomal NADP-dependent
isocitrate dehydrogenase in Aspergillus nidulans, J. Biol. Chem. 276 (40)
(2001) 37722–37729.
[119] C.J. Danpure, M.J. Lumb, G.M. Birdsey, X. Zhang, Alanine:glyoxylate
aminotransferase peroxisome-to-mitochondrion mistargeting in human
hereditary kidney stone disease, Biochim. Biophys. Acta 1647 (1–2)
(2003) 70–75.
[120] S. Miyazawa, T. Hashimoto, S. Yokota, Identity of long-chain acyl-
coenzyme A synthetase of microsomes, mitochondria, and peroxisomes
in rat liver, J. Biochem. (Tokyo) 98 (3) (1985) 723–733.
[121] K.R. Pitts, Y. Yoon, E.W. Krueger, M.A. McNiven, The dynamin-like
protein DLP1 is essential for normal distribution and morphology of the
endoplasmic reticulum and mitochondria in mammalian cells, Mol. Biol.
Cell 10 (12) (1999) 4403–4417.
[122] D. Stojanovski, A.E. Frazier, A.D. Humphries, M. Ryan, Putative
interaction partners of human Fis1 involved in mitochondrial fission,
FEBS-IUBMB Workshop on Mitochondrial dynamics in cell life
and death, Venetian Institute of Molecular Medicine, Padova, Italy,
2005.
[123] M. Yan, N. Rayapuram, S. Subramani, The control of peroxisome number
and size during division and proliferation, Curr. Opin. Cell Biol. 17
(2005) 376–383.
[124] S. Thoms, R. Erdmann, Dynamin-related proteins and Pex11 proteins in
peroxisome division and proliferation, FEBS J. 272 (20) (2005)
5169–5181.
[125] R. Erdmann, G. Blobel, Giant peroxisomes in oleic acid-induced
Saccharomyces cerevisiae lacking the peroxisomal membrane protein
Pmp27p, J. Cell Biol. 128 (4) (1995) 509–523.
[126] P.A. Marshall, Y.I. Krimkevich, R.H. Lark, J.M. Dyer, M. Veenhuis, J.M.
Goodman, Pmp27 promotes peroxisomal proliferation, J. Cell Biol. 129
(2) (1995) 345–355.
[127] Y. Sakai, P.A. Marshall, A. Saiganji, K. Takabe, H. Saiki, N. Kato, J.M.
Goodman, The Candida boidinii peroxisomal membrane protein Pmp30
has a role in peroxisomal proliferation and is functionally homologous to
Pmp27 from Saccharomyces cerevisiae, J. Bacteriol. 177 (23) (1995)
6773–6781.
[128] M. Passreiter, M. Anton, D. Lay, R. Frank, C. Harter, F.T. Wieland, K.
Gorgas, W.W. Just, Peroxisome biogenesis: involvement of ARF and
coatomer, J. Cell Biol. 141 (2) (1998) 373–383.
[129] P. Lorenz, A.G. Maier, E. Baumgart, R. Erdmann, C. Clayton, Elongation
and clustering of glycosomes in Trypanosoma brucei overexpressing the
glycosomal Pex11p, EMBO J. 17 (13) (1998) 3542–3555.
[130] I. Abe, Y. Fujiki, cDNA cloning and characterization of a constitutively
expressed isoform of the human peroxin Pex11p, Biochem. Biophys. Res.
Commun. 252 (2) (1998) 529–533.
[131] X. Li, E. Baumgart, G.X. Dong, J.C. Morrell, G. Jimenez-Sanchez, D.
Valle, K.D. Smith, S.J. Gould, PEX11alpha is required for peroxisome
proliferation in response to 4-phenylbutyrate but is dispensable for
peroxisome proliferator-activated receptor alpha-mediated peroxisome
proliferation, Mol. Cell Biol. 22 (23) (2002) 8226–8240.
[132] X. Li, E. Baumgart, J.C. Morrell, G. Jimenez-Sanchez, D. Valle, S.J.
Gould, PEX11 beta deficiency is lethal and impairs neuronal migrationbut does not abrogate peroxisome function, Mol. Cell Biol. 22 (12)
(2002) 4358–4365.
[133] J.J. Smith, M. Marelli, R.H. Christmas, F.J. Vizeacoumar, D.J. Dilworth,
T. Ideker, T. Galitski, K. Dimitrov, R.A. Rachubinski, J.D. Aitchison,
Transcriptome profiling to identify genes involved in peroxisome
assembly and function, J. Cell Biol. 158 (2) (2002) 259–271.
[134] H. Rottensteiner, K. Stein, E. Sonnenhol, R. Erdmann, Conserved
function of pex11p and the novel pex25p and pex27p in peroxisome
biogenesis, Mol. Biol. Cell 14 (10) (2003) 4316–4328.
[135] Y.Y. Tam, J.C. Torres-Guzman, F.J. Vizeacoumar, J.J. Smith, M. Marelli,
J.D. Aitchison, R.A. Rachubinski, Pex11-related proteins in peroxisome
dynamics: a role for the novel peroxin Pex27p in controlling peroxisome
size and number in Saccharomyces cerevisiae, Mol. Biol. Cell 14 (10)
(2003) 4089–4102.
[136] P. Barnett, H.F. Tabak, E.H. Hettema, Nuclear receptors arose from pre-
existing protein modules during evolution, Trends Biochem. Sci. 25 (5)
(2000) 227–228.
[137] M. Karbowski, S.Y. Jeong, R.J. Youle, Endophilin B1 is required for the
maintenance of mitochondrial morphology, J. Cell Biol. 166 (7) (2004)
1027–1039.
[138] J.L. Gallop, P.J.G. Butler, H.T. McMahon, Endophilin and CtBP/BARS
are not acyl transferases in endocytosis or Golgi fission, Nature 438
(2005) 675–678.
[139] D. Tondera, A. Santel, R. Schwarzer, S. Dames, K. Giese, A. Klippel, J.
Kaufmann, Knockdown of MTP18, a novel phosphatidylinositol 3-
kinase-dependent protein, affects mitochondrial morphology and induces
apoptosis, J. Biol. Chem. 279 (30) (2004) 31544–31555.
[140] D. Tondera, F. Czauderna, K. Paulick, R. Schwarzer, J. Kaufmann, A.
Santel, The mitochondrial protein MTP18 contributes to mitochondrial
fission in mammalian cells, J. Cell Sci. 118 (2005) 3049–3059.
[141] R.J. Wanders, P. Vreken, S. Ferdinandusse, G.A. Jansen, H.R. Waterham,
C.W. van Roermund, E.G. Van Grunsven, Peroxisomal fatty acid alpha-
and beta-oxidation in humans: enzymology, peroxisomal metabolite
transporters and peroxisomal diseases, Biochem. Soc. Trans. 29 (2001)
250–267.
[142] R.J. Wanders, Peroxisomes, lipid metabolism, and peroxisomal disorders,
Mol. Genet. Metab. 83 (1–2) (2004) 16–27.
[143] W.H. Kunau, S. Buhne, M. de la Garza, C. Kionka, M. Mateblowski, U.
Schultz-Borchard, R. Thieringer, Comparative enzymology of beta-
oxidation, Biochem. Soc. Trans. 16 (3) (1988) 418–420.
[144] P.A. Michels, J. Moyersoen, H. Krazy, N. Galland, M. Herman, V.
Hannaert, Peroxisomes, glyoxysomes and glycosomes, Mol. Membr.
Biol. 22 (1–2) (2005) 133–145.
[145] K.W. Osteryoung, J. Nunnari, The division of endosymbiotic organelles,
Science 302 (5651) (2003) 1698–1704.
[146] E. Bossy-Wetzel, M.J. Barsoum, A. Godzik, R. Schwarzenbacher, S.A.
Lipton, Mitochondrial fission in apoptosis, neurodegeneration and aging,
Curr. Opin. Cell Biol. 15 (6) (2003) 706–716.
[147] V.I. Titorenko, R.A. Rachubinski, The peroxisome: orchestrating
important developmental decisions from inside the cell, J. Cell Biol.
164 (5) (2004) 641–645.
[148] J. Mathur, N. Mathur, M. Hulskamp, Simultaneous visualization of
peroxisomes and cytoskeletal elements reveals actin and not microtubule-
based peroxisome motility in plants, Plant Physiol. 128 (3) (2002)
1031–1045.
